Active ion (NaCl) transport across isolated frog skin is discussed in relation to sodium and potassium composition and to O3 consumption of skin. A distinction is made between processes in skin related to "unidirectional active ion transport" and processes related to "maintenance electrolyte equilibrium;" i.e., ionic composition of skin. Several metabolic inhibitors were found that could be used in separating maintenance electrolyte equilibrium from unidirectional active ion transport. Fluoroacetate (up to 1 X 10-M/liter) did not affect maintenance electrolyte equilibrium, but severely diminished the rate of active ion transport. This could also be accomplished with azide and diethyl malonate when 1 X 10 -3 molar concentrations were used. When applied in higher concentrations, these two inhibitors, and several others, diminished active ion transport, but this was associated with changes in maintenance electrolyte equilibrium (gain of Na + by and loss of K + from skin). Similar observations were made when skins were subjected to K+-deficient media. Mersalyl and theophylline, in low concentrations, stimulated active ion transport without leading to changes in maintenance electrolyte equilibrium. Inhibition of'active ion transport was found accompanied by decrease, increase, and unaltered over-all 03 consumption, depending on the kind of chemical agent used. A provisional scheme of the mechanism of unidirectional active ion transport is proposed. It is conceived as a process of metabolically supported ion exchange adsorption, involving a carrier, forming complexes with K + and Na +, a trigger, K + ions, and two spatially separated metabolic pathways.
INTRODUCTION
It is well known that non-secretory and secretory cells are able to separate sodium ions from potassium ions. Potassium ions are chiefly found within the cell, sodium ions mainly outside the cell. In the following, we shall refer to this ion separation as "maintenance electrolyte equilibrium." Superimposed on this, many epithelial cells exhibit the phenomenon of metabolically supported "unidirectional active ion transport." When this occurs, there is a net uptake of cations and anions at one side of the cell and a net release of ions from the opposite side of the cell. Frog skin behaves like this. In surviving skin, NaCl (and water) moves across the skin of the inward direction.
In previous studies (21, 24) , it was observed that skins in K+-depleted salt solutions show very little net NaC1 transport. Associated with this was a change in electrolyte composition of the skins. They lost potassium and gained sodium. A number of chemicals, enzyme inhibitors, and drugs are known to inhibit net NaC1 transport across frog skin 9~_18,~1~,_42). The question arose, then, whether the drug-induced inhibition of salt transport was or was not associated with changes in electrolyte composition of skin. The present paper deals with this question. The possibility of separating, by means of chemicals, maintenance electrolyte equilibrium from active ion transport was visualized.
H Methods 1. Skin Preparatlons.--All studies were carried out on Rana pipiens. The portions of skins selected were those of the hind legs. Skins of the right sides were used for the experiments. Skins from the left side served as controls. In studies on electrolyte composition and active transport, approximately 0.5 gm. of fresh skin was used. Qo, determinations were carried out on approximately 0.1 gm. of fresh skin. All pieces of skin were carefully handled. Loose connective tissue and remnants of skeletal musculature, that may have come off with the skin when it was stripped from the body, were removed. Determination of the wet weight of skin was preceded by carefully blotting the skin on soft falter paper.
Studies on Electrolytes in Skin Using
Sheets.--Sheets of skin, obtained by making a cut in the long axis through properly trimmed and weighed pieces of skin.~ from legs, were completely submerged in salt solution. Rolling up of skin in the bath was largely prevented by suspending the skin with two threads, attached to adjacent corners of the skin, from two of four equally spaced hooks on a disc above the surface of the bath. In order to prevent floating of the skin in the bath, a small piece of glass tubing was attached to the lower end of the skin. Usually four sheets of skin were submerged in 2 liters of salt solution, containing one or another poison. At the same time, four control sheets of skin were similarly submerged in 2 liters of salt solution containing no poison. The discs from which control and experimental skins were hung were rotated slowly (12 R.P.~.). The salt solutions were kept in jars that were covered with lids. All skins were left for 8 hours in the salt solutions at 20 4-0.02°C. The skins were then removed, reweighed, and dried for 2 hours at 110 ° for dry weight estimations. This was followed by incineration of the skins for sodium and potassium estimations. Details of this procedure were described in a previous paper (24) .
Studies on Active Ion Transport and Electrolytes in Skin Using
Bags.--These studies were carried out using the method of paired skin bags (19, 24) . In all cases the corium was turned outward and was in touch with the salt solution in the jar. The bags contained 4 to 6 ml. of salt solution taken from the bath in which the bags were immersed. Control bags were exposed to unpoisoned, experimental bags to poisoned salt solution. Usually four control bags and four experimental bags were used at the same time and were placed into their respective baths. The bags were not moved in the bath. Temperature of the bath was 20 4-0.02°C., duration of the experiment, 8 hours. Mter this the bags were emptied. Bag fluid, bath, and skin were then investigated chemically. From the loss of fluid from the bag, change in its C1-concentration, and skin surface area involved, net rates for NaC1 and water transfer were calculated. Since it is known (22) that, for the first hour after starting the experiments, skin potentials are fairly unstable, the first measurements were taken 2 hours after the bags had been filled and submerged into the salt solutions. A second potential reading was carried out 7 hours from the beginning of the experiments. Skin potentials were corrected for potentials that may have existed between the leads that connected the skin with calomel electrodes. Potentials were measured with the aid of a bridge and a moving coil galvanometer as null-instrument (23).
4. Chemical Procedures.--Skin ashes were dissolved in diluted nitric acid. Aliquots of these solutions and of the salt solutions used as bath and bag fluid were, after appropriate dilution, analyzed for sodium and potassium with the Barclay flame photometer, using the internal standard method. Standard sodium and potassium solutions were included in each series of "unknown" solutions. Calcium was precipitated as oxalate and then titrated with KMn04. Chloride was estimated iodometrically (24) .
5. Salt Sohttians.--In all experiments, the salt solution had the following composition: NaCl, 118/~/ml.; KC1, 10 #x~/ml.; NaI-IC08,2/z~s/ml. In the text, this solution is simply referred to as "NaC1 solution." The relatively high potassium concentration was chosen because it was found earlier that about 10/zeq. K+/ml. are required to prevent loss of potassium from isolated skin (24) . Except in the experiments with CO, the salt solutions were oxygenated several hours before the final adjustment of pH to 7.4-7.$ was made. No oxygen was bubbled through the solution during the experiments.
Solutions used in the measurements of Qo2 had the same composition with respect to sodium and potassium. Bicarbonate, however, was replaced by sodium phosphate (5 tmlml.). 6 . Ckemiva/s.--All chemicals used were reagent grade. Sodium finoroacetate (Monsanto Company) was kindly given to us by the Army Chemical Center, Medical Division, Edgewood Arsenal, Maryland. CO was generated by letting concentrated sulfuric acid act on formic acid. The CO was thoroughly washed with strong alkali and stored in large bottles, together with I0 per cent of 02, over slightly alkaline water. Gas analysis was made the day when the gas mixture was used. A simplified ttaldane apparatus was employed in the gas analysis.
7. Q_o2 Measurements.--02 uptake of freshly excised pieces of skin in air was measured applying Warburg's direct method (50) . A rotary Warburg apparatus (Aminco) was used. Shaking frequency, 112 cycles/min.; amplitude, 4 cm. No increase in O2 uptake of skin was seen by increasing shaking frequency or amplitude. In all experiments, except those in which cyanide was used, the main vessel contained 1.65 ml. of unpoisoned salt solution, the side arm 0.4 ml. of poisoned or unpoisoned (controls) salt solution. COs was absorbed with 0.15 ml. of 10 per cent KOH in the center well into which one strip of filter paper was also placed. Temperature of the water bath, 20 4-0.03°C. In each case, 02 uptake was followed for a period of 2~ hours before the contents of the side arm was added to the main compartment. Mter this, measurements of O2 uptake were continued for 3 more hours. In doing this, each piece of skin served as its own control. Readings were taken at 45 minute intervals. At the end of the experiments, the salt solutions in the vessels were carefully removed for pH measurements using the glass electrode. Very occasionally, experiments had to be discarded because KOH had spilled over from the center well into the main compartment. In studying the effect of cyanide on 02 uptake, the principles worked out by Robbie (40) were strictly applied. In these studies with cyanide, the side arm was left empty. Cyanide was either present in the system from the beginning of the measurements or it was absent in the case of control experiments. A similar procedure was also followed when studying the effect of 1 × 10 -2 molar diamox solution on 02 consumption. Qo2 values were expressed in/~1. X hr-z X mg-1 dry weight.
Regression calculations were carried out for the rate of 02 consumption before and after addition of chemical agents. The Qo~ values shown in the tables are the values for the calculated regression coefficients (see also Fig. 2 ).
8. Statistical Analysis.--All data on electrolyte transport, water transport, and skin potentials were tested for significance of differences in measurements. The methods of individual comparison or of group comparison were applied, depending on the design of the experiments (44) . Differences in measurements were regarded as significant when P was 0.01 or lower. Computations of variances of slopes of regression lines, expressing rates of O, consumption, and computations of t's and P's were carried out to test the significance of differences in measurements relating to effects of fluoroacetate only (16, 25) . Reasons for this will be given in the Discussion in section 6 of this paper.
9. Protocols of Experiments.-- Table I shows for three representative experiments, the kind of information that was collected in the present studies. In Tables II to V  only lost, for skins that were kept for 8 hours in K+-free NaCI solution (119 tzeq. Na+/ml.). It will be observed that for all chemicals tried, gain of sodium and loss of potassium began to become apparent at the same dose of poison; e.g., at 3 X 10 -s ~t mersalyl/liter; In effectively poisoned skins gain of sodium was always accompanied by loss of potassium. The effects, therefore, of chemical agents on sodium and potassium content of skin may unambiguously be measured by the [Na+]/[K +] ratio. When, under the influence of chemical treatment of skin, the value for [Na+]/[K +] had significantly risen above the corresponding value for control skin, it was indicated thereby that the skin had gained sodium and lost potassium.
The effect of anoxia on sodium and potassium content of skin was also investigated. In these experiments, pure Nz from a tank was bubbled through the salt solution in which the skins were submerged. Oxygenated salt solution was used in control studies. For analysis of dissolved O~, Winkler's method was used. In the anoxia experiments, a level of 0.2 mg. O~/liter was maintained for 8 hours. The oxygen level in the control bath was 14.5 reg./liter at first and 9.0 reg./liter shortly before the end of the experiment. It was found that in anoxia the skins had gained, on the average, 109 #eq. Na + and had lost 61/~eq. K+/gm. of dry weight (4 experiments). The average composition of the respective control skins was 349/~eq. Na + and 151 freq. K+/gm. of dry skin.
In no instance did the water content of the skin significantly change as a result of the treatment with chemical agents, whether effective or not effective on sodium and potassium in skin. None of the chemicals used here had an obvious effect on Ca ++ content of skin. 
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Gain of sodium by and loss of potassium from frog skin sheets. The data plotted are average values obtained mostly from 4, sometimes 8 paired experiments for each concentration of inhibitor or drag. Gain of sodium and loss of potassium are given as differences in sodium and potassium contents between experimental skins and the respective control skins, forming pairs. During the time when these studies were carried out, sodium and potassium content of control skins varied as follows: Na +, 328 to 364 geq./gm, of dry weight, K +, 158 to 201 freq./gin, of dry weight.
Inhibition of NaCI and Water Transport without Change in Skin Electrolyres ([Na+]/[K+]
).-yFluoroacetate, even when given in 1 × 10--2 molar solution, significantly diminished the rate of net NaC1 and I-I~O transport without significantly increasing the [Na+]/[K +] ratio for poisoned skin (Table II) . Similar results were obtained with diethyl malonate (1 × 10-8 *x/liter) and azide (1 × 10 --a *x/liter). All three inhibitors, at concentrations that decreased the rate of NaC1 and H20 transport, also diminished skin potential and rate of O2 uptake. Fig. 2 shows the effect of fluoroacetate on O2 consumption. The ineffectiveness of fluoroacetate on skin electrolytes is quite remarkable. One is reminded, here, of observations made by Mudge (37) . He found that 1 × 10 --2 molar fluoroacetate was relatively inactive on electrolyte composition of rabbit kidney cortex slices. This was in contrast to the action of cyanide, azide, arsenite, and other inhibitors, which did have effects on electrolyte composition of kidney slices. Cyanide (3 X 10 -5 M/liter) inhibited net NaC1 and H20 transport without increasing the [Na+]/[K +] ratio for skin. It must be suspected, however, that the mechanism of cyanide action is different from the mechanism of action of the other three inhibitors mentioned. It will be noted (Table II) that a 3 X 10-s molar solution of cyanide slightly reduced the rate of O2 uptake, but significantly increased the skin potential. The reason for this is not clear. It may be that cyanide lowers the permeability of the skin for chloride ions. This is known to diminish the net rate of NaC1 transport (23) .
The results of these studies show that fluoroacetate, diethyl malonate, and azide may be used to separate maintenance electrolyte equilibrium from active Na + transport. Fluoroacetate serves best for this purpose because of its inef- fectiveness on Na + and K + composition of skin. A finer differentiation in the actions of inhibitors on maintenance electrolyte equilibrium and active ion transport may possibly result from kinetic studies. In the present studies, measurements on electrolytes in skins and solutions were done at the end of the 8th hour from the start of the experiments. Skin potentials were measured twice, at the end of the 2nd and at the end of the 7th hour. In most instances, the two readings were approximately the same, indicating relatively fast action of the chemical agents on the mechanism of active ion transport. When using effective concentrations of iodoacetate and arsenite, (see below), the "7 hour reading" was considerably lower than the "2nd hour reading," indicating a slower action of these inhibitors as compared to others used. (Table III) . These studies seem to point out that when inhibitors are used in experiments on active ion transport, great care must be exercised in choosing the 77.
Inhibition of NaCl and Water Transport with Change in Skin Electrolytes
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-r hr. r..d~ng proper inhibitor concentration. Commonly used inhibitors show unspecific effects; i.e., they lead to inhibition of active ion transport accompanied by disturbance of the maintenance electrolyte equilibrium. Fig. 3 (curves a and b) gives evidence for inhibition of net NaCI and fluid transport across frog skin which can be observed during the winter months. This seasonal depression of net NaCI and fluid transport is accompanied by an increase in sodium and a decrease in potassium content of the skin. It is our impression that these changes are not paralleled by changes in rate of O2 consumption. 
Stimulation of NaCl and Water Transport without Change in Skin Electro-
lyres ([N~"]/K+]).--When mersalyl and theophylline were used in rather low
concentrations (Table IV) an increase in net rate of NaCI and H~O transport was observed. The [Na+]/K +] ratios for poisoned skins, and skin potentials were the same as the respective values for control skins. Rate of 02 uptake was subnormal.
Unaltered NaCl and Water Transport with Change in Skin Electrolytes (Increase of [Na+]/[K+]).--Mersalyl and theophylline, when used in higher
concentrations, significantly increased the [Na+]/[K +] ratios for poisoned skins (Table V) . In spite of this, the net rate of NaCI and H,O transport was approximately the same as was found in control experiments. Skin potentials, however, were depressed. Qol values were at control level when mersalyl was used. Higher Qo, values were seen in studies with theophylline.
Comparing data shown in Tables IV and V, it will be noted that both mermlyl and theophylline had inhibitory action on NaC1 transport, water trans-port, and skin potential. The action of mersalyl and theophylline differed from the action of the other chemical agents used, in that mersalyl and theophylline increased net NaCI and H,O transport at low concentration and then, from this elevated level, depressed the rate of transport when the drug concentration was increased. This, then, was associated with increase in the [Na+]/ [K +] ratio of skins.
Effects of Carbon Monoxide.--No changes in sodium and potassium
composition occurred when skin was exposed, in the dark, to a gas mixture of 90 per cent CO and 10 per cent 02 at ambient pressure. Net rate of NaC1 and fluid transport was not diminished. Skin potentials were slightly, but not significantly, depressed. The influence of CO on skin potential was thoroughly studied by Taylor (49) . Comparing the effects of N,/O2 and CO/O2 mixtures, Taylor concluded that CO caused a 15 to 20 per cent greater depression than anoxia in skin potential. Fenn and Cobb (8) have observed a slight diminution in oxygen consumption using a mixture of 80 per cent CO and 20 per cent oxygen. Obviously, frog skin is not very sensitive to CO at atmospheric pressure. Frog skin is unable to repay more than 8 per cent of an oxygen debt contracted during a period of anoxia of 2 to 3 hours (7, 41).
Rate of 02 Uptake in K+-Depleted Skins.--The skin of a frog's leg was
divided into two halves, and treated as follows: One half was placed into a flask with 25 ml. of NaC1 solution from which potassium was omitted. The other (control) half of the skin was submerged in NaC1 solution containing 10 #eq. K+/ml. (see under Methods). Both flasks were shaken for 2 hours at 20°C. After this period of pretreatment, small pieces of K+-depleted and normal skins, forming pairs, were cut out of the larger pieces of skins. These smaller pieces of skins (approximately 0.1 gm.) were transferred to Warburg vessels, containing K+-free NaC1 solution for skins that had been pretreated with K + free NaCl solution. Control skins were placed in vessels containing NaC1 solution with potassium. Oxygen uptake was measured for 6 hours. After this, K+-depleted skins and control skins were pooled separately and analyzed for K + content. A total of 50 skin pairs, obtained from 10 frogs, was studied.
The differences between the measurements were evaluated using the method of individual comparisons (44) . These studies have shown that there was no statistically significant difference in rate of O3 consumption in K+-depleted skins as compared to control skins (P = 0.05). The respective Qo, values were 0.33 and 0.36 #l. X hr. -1 X mg. -1 dry weight. K+-depleted skins had a K + content of 63/~eq./gm. of dry weight; control skins contained 157 Izeq. K+/gm. dry weight. This difference is highly significant, statistically. It was shown previously (21, 24) that such a loss of K + from skin severely diminishes net rate of NaCl and fluid transport.
iv DISCUSSION
[Na+]/[K +] Ratios for Skins.--The chief cation of epithelial cells of frog skin is potassium. Outside the epithelial cells, the main cation is sodium (24).
Under the conditions of the experiments described in this paper, any increase in the [Na+]/[K +] ratio was regarded as indicative that the epithelial cells had lost K + and gained Na + (K + ~ Na + exchange). It was also assumed that the space outside the epithelial cells had established ion equilibrium with the NaCl solution in which the skins were kept for 8 hours and that this equilibrium was similar for control and experimental skins. The reasons for these assumptions are: (a) Previous studies have shown that the epithelial cells will lose K + and gain Na + when skins are kept in K+-deficient NaC1 solution (24) . (b) For skins under the influence of chemical agents, the threshold concentration inducing gain of Na + is the same as the threshold concentration inducing loss of K + (Fig. 1) . This strongly suggests that gain of Na + and loss of K + are coupled processes involving only one kind of tissue, namely the epithelial cells. (c) Skins treated with chemical agents had the same percentage water content as did skins serving as controls. Furthermore, control skin had the same percentage water content as skin analyzed immediately upon removal from the body (Fig. 3) .
It should be noted that control (untreated) skins, analyzed after they had been exposed for several hours to NaCl solution, had a higher Na + and also a slightly higher K + content than did fresh skins obtained from frogs used in a previous study (24) (Fig. 3) . In the present work, however, experimental skins were not compared with fresh skins, but with control skins that were treated like the experimental skins except for one variable (see under Methods). be profitable, therefore, to try to combine the older data with data presented in this paper in the form of a provisional scheme of the mechanism of active Na + transport.
Mechanism of AcEve
In Fig. 4 unidirectional active Na + transport is conceived as a process of metabolically supported ion exchange adsorption involving a carrier, R, a trigger, Tr, K + ions, and two spatially separated metabolic pathways.
It is assumed that the carrier behaves like a polyelectrolyte with a number of fixed charges (6, 12, 13, 34, 39, 43, 45, 47) , binding K + ions in preference to Na + ions. This is consistent with the fact that K + is the predominant cation within the epithelial cells of the skin. The number of K + and Na + ions found in the complexes RK,,Na, would have to depend on the structure of R and on the K + and Na + concentration in the environment of the compartment in which the ion exchange reaction takes place. It is known that K + ~ Na + exchange occurs when skin is placed in K+-deficient NaC1 solutions (24) . It is assumed that the structure of R is dependent on a carrier metabolism because enzyme inhibitors in relatively high concentrations will lead to K + Na + exchange, most likely, within the epithelial cells of the skin. The implication of a trigger and a trigger metabolism in active Na + transport is made to account for the observation that fluoroacetate and a few other inhibitors can inhibit net NaC1 (and very likely active Na +) transport without changing the K + and Na + composition of skin. There are many cell constituents which could act as triggers; e.g., ATP, or acetylcholine (17, 28, 38, 52) . In the case of a redox carrier (3), electron transfer may be considered as the triggering mechanism. The trigger molecule may be either free or attached to the carrier. As shown in the scheme, it is suggested that K + ions participate in a "potassium cycle" in the mechanism of active Na + transport. Entrance of K + ions from the corium side of the skin into the K + cycle, and loss of K + from the K + cycle towards the epithelial side of the skin are indicated in the scheme for the following reason.: It is known that when the skin potential is low (e.g., 40 my.), approximately one equivalent K + appears at the epithelial side for each 85 equivalents of Na + that move towards the corium (23); in other words, there is no appreciable K + ~-Na + exchange across the skin (low K + leakage). When the skin potential is high (e.g., 80 inv.), one equivalent K + appears at the epithelial side for each six equivalents of Na + that move towards the corium (high K + leakage). Such skins approach the situation which prevails in nerve, muscle, and red cells in which the metabolically coupled ion movements are dominated by a K + ~ Na + exchange across the cell membrane (14, 15, 26, 36, 46, 48) . There is some evidence (23, 31) that when the skin potential is zero some potassium enters the skin from the solution at the epithelial side. Under the assumptions made, active Na + transport may be formulated as follows:
It is proposed that R changes its ion selectivity in favor of K + as a result of the trigger-carrier reactions: Tr ~ Tr ~ and R --~ R', With the regeneration of Tr ~ into T, which may require energy, R' is changed back into R. Unidirectional movement of Na + could be achieved by rotation of the carrier (4), exposing its R form toward the epithelial side and its R' form toward the corium side of the skin; or one may assume a reversible folding and unfolding of the carrier which is part of a diffusion barrier for free Na + ions (11). 1 3. Metabolic Pathways.--The results obtained with various enzyme inhibitors (Tables II to V) strongly suggest that there are in frog skin at least two distinct, possibly spatially separated, metabolic pathways in operation that regulate Na + and K + metabolism of the epithelial cells. One pathway, A, sensitive to fluor0acetate and to relatively low concentrations of diethyl malonate and azide, seems to be directly related to active Na + transport across the skin. Pathway A possibly supplies the energy for the coupled triggercarrier reactions Tr' ~ Tr and R' --* R (active transport metabolism). Another pathway, B, insensitive to fluoroacetate and sensitive to other inhibitors only when given in relatively high concentrations, seems to be more indirectly involved in active Na + transport. Pathway B possibly controls reactions upon which the structure of the carrier R or RK,2qa, depends (maintenance electrolyte metabolism).
Since only pathway A is sensitive to fluoroacetate, it seems reasonable to conclude that the citric acid cycle is a part of A. On the other hand, insensitivity of pathway B to fluoroacetate does not mean that the citric acid cycle is not a part of B. Ineffectiveness of fluoroacetate may be explained in several ways. The inhibitor may not be able to enter the compartment in which pathway B is established; or fluoroacetic acid may not be converted into a fluorotricarboxylic acid which appears to be the blocking agent of the citric acid cycle (for references see 1, 2, 29); or a substrate-fluoroacetate competitive reaction may prevent the inhibition from becoming effective; therefore, rather than to implicate an oxidative pathway of which the citric acid cycle is not a part, it is assumed that maintenance electrolyte metabolism also depends on this cycle. This is supported by the observation that diethyl malonate can block both active transport metabolism and maintenance electrolyte metabolism.
4. Inhibition of Active Na + Transport.--From studies reported on in this paper and in two previous publications (21, 24) , it would appear that a distinction should be made between specific and unspecific inhibition. In specific inhibition, active Na + transport is depressed, but maintenance electrolyte equilibrium is unchanged. This may be taken to mean that in specific inhibition the trigger metabolism is partially or totally blocked. In unspecific inhibition, active Na + transport is depressed, and this is associated with a change in the maintenance electrolyte equilibrium of the skin (gain of Na + and loss of K+). This is seen either when inhibitors (except fluoroacetate) are given in relatively high concentrations or when K + ions are lacking in the environment. The question arises whether unspecific inhibition, resulting from poisoning the skin, is or is not caused by the changes in maintenance electrolyte equilibrium. More likely than not some inhibition is caused by the change in maintenance electrolyte equilibrium per se and not only because of blockade of metabolic pathways. Support for this comes from the observations on skins in K+-deficient NaCI solutions. It was found (21, 24) that K+ deficiency leads to diminished rate of net NaCI transport, diminished skin potential, loss of K+ from and gain of Na + by the skin. Even severe K + depletion of the skin, however, had no significant effect on the over-all rate of 02 consumption (see section 7 under Results). It may be surmised from this that the make-up of the hypothetical complex, RK~Na~, is a factor governing the rate of K + Na + exchange and, hence, the rate of active Na+ transport. (10, 33 ) studied the effects of mersalyl (1 Z 10 -4 x~/liter) and aminophylline (2 X 10-* ~r/liter, 80 per cent anhydrous theophylline) on the electrochemical properties of frog skin. He concluded that both drugs increase the permeability of skin. He furthermore states that mersalyl decreases, aminophylline increases the ability of a carrier to transport Na + ions. Inhibition of active Na + transport, associated with loss of K + from the skin, was described by Levinsky and Sawyer (32) who used $ X 10 -* M/liter theophylline solutions. Stimulatory effects on O~ uptake by mersalyl (33) and by theophylline (32, 33) were also reported. Our results (Tables IV and V) are essentially in agreement with those mentioned above. In addition, however, stimulatory effects on net NaC1 and H20 transport were seen with small doses of mersalyl (1 X 10 -6 ~r/liter). The interesting observation in connection with actions of these drugs is their stimulatory effect on net rate of NaC1 and H,O transport. Several factors, singly or in combination, may account for this, increase in water permeability, increase in anion permeability, effect of the drugs on the structure of the carrier, specific stimulation of the Na÷-transporting reaction. Further work is required to clarify these points.
Stimulation of Net NaCl Trausport.--Linderhoim
6. NaCl Transport and Oxygen Consumption.--Inhibition of net NaCI transport was found accompanied by decrease, increase, and unaltered O2 consumption (Tables I and II) . In view of this, an attempt to calculate Naff_~L~tiqos from measurem_~e~ f degrees o " . H __ net NaC1 transport and total 02 consumption would be unreasonable. Exception to this may perhaps be made for the results obtained with fluoroacetate because of its specific action on the mechanism of active Na + transport.
By using the data on hand, Na/O2 values shown in Table VI were obtained. "Coulomb etticiencies" (35) are entered in the fourth ~y direct biocoulometry, coulomb efficiencies of 30 to 80 per cent were obtained by other investigators (33, 35) . Na/O2 ratios as high as 20 were recently reported by Zerahn (53) and by Leaf and Renshaw (30) .
Measurements of Na/02 ratios are often considered a test for the validity of Conway's redox theory of active cation transport (3). This theory predicts a maximal Na/02 ratio of 4. Davies and Ogston (5) have suggested a mechanism of active cation transport that implicates a redox reaction and also a phosphorylation of a carrier. In their view, --~a/02 ratios as high as 12 are predictable. By pointing again to the well established fact that K + ion must be present to maintain active Na + transport in frog skin, the problem of the efficiency of the Na+-transporting mechanism, in terms of Na/O~ ratios, may be looked upon as follows:-- although the rate of O~ consumption is maintained at normal level (reaction 1; loss of K + from and gain of Na + by M has been disregarded). Na/02 ratios of 4, 8, or 12 can be explained on the basis that 1, 2, or 3 K + ions per electron removed from the carrier are exchanged for an equal number of Na + ions (reactions 2 to 4). When more than one K + ion per electron removed participates in the reaction, the carrier functions as a chemical amplifier with respect to Na + output. From the results with fluoroacetate, it appears as if reactions 2 and 3 would apply. It seems probable, however, that the Na/O2 ratios obtained are minimal as well as average values because of the possible involvement of a variety of MKmNa~ complexes with varying ra's and n's (see also Kirschner (27) ). The suggested reactions point to K + ion, free in solution and bound to the carrier, as a factor determining the efficiency of the Na +-transporting mechanism. The high Na/O2 ratios which have been found by several investigators using short-circuited skin (30, 53) may, in part, be the result of abolishment of leakage of K + from the skin into the solution at the epithelial side (see section 2 under Discussion). Experiments are in progress in our laboratory to test this. It should be noted that with the potassium cycle in operation, the over-all reactions, 2 to 4 (and similar reactions), are consistent with the important finding by Ussing and Zerahn (51) that the total current that can be drawn from skin is a sodium current. The data presented in Table VI are unsuitable for deciding the question as to wb~er or not the carrier functions as a redox system on which Na + transpo~:/'directly dependent. On the other hand, the fact that Na/O2 ratios > ~ ere found here and by others (30, 53) cannot serve as a strong argument against direct implication of a redox mechanism in active Na + transport. In a modified form, such as suggested above, Conway's theory of active cation transport may be valid in frog skin. Emphasis is often given to the fact that 2,4-DNP, an agent that uncouples oxidation from phosphorylation, inhibits active Na + transport while it stimulates rate of O, consumption. We have been unable, so far, to find a concentration for DNP that would inhibit active Na + transport without leading also to increase of the [Na+]/[K +] ratio for skin. The question of the specificity of action of DNP, therefore, is still open.
A Na + transport reaction with direct involvement of ATP may be written as follows:--RK,~Na~ -[-ATP q-2K + --~ R'K~+~Na._2 q-ADP q-2Na + For a P/O ratio of 4, the efficiency of Na+-transporting mechanism, in terms of the Na/O, ratio, could be 16.
Metaboli~ Functions of K + in Active Sodium Transport.--It is known that the conversion of phospho-enol-pyruvate into pyruvate depends on the presence of K + ions. This fact has raised the question whether diminished rate of active ion transport seen in K+-depleted skins may be the result of insufficient pymvate formation. Experiments have shown, however, that Na pyruvate, or Na acetate, or ethyl acetate, when added to K+-deficient NaC1 solutions to yield substrate concentrations of 1 X 10 -9 molar, completely failed to increase the rate of net NaCI transport above values obtained from control skins which were kept in ](+-deficient NaC1 solutions without substrates. The inability of these substrates to increase the rate of net NaC1 transport cannot be explained on the basis of impermeability of the epithelial cells for the substrates. It has been shown that pyruvic acid is able to increase both O~ uptake (20) and net rate of NaC1 transport (19) in skins poisoned with iodoacetate. The substrates failed also to prevent net loss of K + from and net gain of Na + by the skin which is so typical for skins in K-deficient salt solution. It will be recalled (see section 7 under Results) that about two-thirds of the potassium of skin can be lost without significantly changing the Qo, • These observations are consistent with the view expressed in Fig. 4 that the main function of K + in active Na + transport may be seen in its availability for participation in K + ~ Na + exchange.
